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INTRODUCTION 
In recent years, nuclear magnetic resonance (NMR) technology has been successfully 
utilized in a number of aerospace NDE applications. It is currently being investigated as an 
cure monitoring technique for advanced composites fabrication processes. Because of the 
sensitivity of NMR to hydrogen motion, it is very sensitive to changes in resin viscosity 
due to elevated temperatures. However, NMR magnets have traditionally been large and 
heavy in order to achieve the magnetic field strength and homogeneity necessary for 
acceptable signal-to-noise ratio. 
MAGNET DESIGN ISSUES 
Figure 1 shows a typical laboratory NMR magnet that generates a field of 5000 Gauss 
utilizing 12-inch diameter cast iron pole pieces. These pieces contribute significantly to 
the magnet's total weight of 2000 pounds. During magnet operation, the material sample 
is centered between the pole pieces, where the gradients of the magnetic field are zero 
("sweetspot") and field homogeneity is at its maximum. The single-side magnet must be 
portable in order to be moved from one application to another; the pole pieces must be 
lightweight and of a design that pushes the sweetspot outside the magnet. 
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Figure 1. Typical Laboratory NMR Magnet. 
MAGNETIC FIELD MODELING 
The design activity was begun by utilizing PC Opera, a commercially-available two-
dimensional modeling program that used a finite element method to solve Maxwell's 
partial differential equations. Figure 2 shows an example of a modeling iteration based on 
pole pieces that were canted inward to shift the position of the sweetspot with respect to 
the poles. The model gives a fairly accurate description of the cross-sectional shape of the 
magnetic field. 
The field lines of the final model used for construction of the magnet are shown in 
Figure 3. The configuration utilizes two parallel rectangular magnets separated by a 
distance that was optimized to displace the sweetspot away from the poles. 
MAGNET CONSTRUCTION 
The prototype magnet that was constructed from the final model is shown in Figure 4. 
The use of rare earth magnetic material resulted in a weight of approximately five pounds. 
Figure 2. Model of Magnetic Field Cross-Section. 
2254 
Figure 3. Field Configuration of Single-Side Magnet. 
Figure 4. Prototype Single-Side Magnet. 
When the field was mapped with a Hall-effect Gaussmeter, it was found that the strength of 
the field at the sweetspot was lower than projected by the model; the two-dimensional 
model was not able to accurately predict the field strength for a magnet of three finite 
dimensions. It did, however, accurately predict the field shape and the sweetspot height of 
approximately 0.5 inch above the magnet assembly. 
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Figure 5. Latex Signal Obtained with Single-Side Magnet. 
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Figure 6. Signal Obtained from AS4/3501-6 Carbon/Epoxy. 
MAGNET CHARACTERIZATION 
Initial trials with the magnet were performed on latex rubber because it exhibits a 
strong proton NMR signal. Variation of the sample height above the magnet showed the 
sweetspot height to be 0.385 in, very close to the height predicted by the model. The NMR 
frequency was 7.205 Mhz at a field strength of 1700 Gauss. Figure 5 shows a sample 
signal obtained from the latex sample. The spin-lattice relaxation time (T1) was measured 
at 12.7 msec. Next, a sample of AS4/3501-6 carbon/epoxy was tested after heating at 
lOO·C. The spin-spin relaxation time (T2) was measured at 5.05msec. A portion of the 
signal is shown in Figure 6. 
CONCLUSIONS 
A portable single-side NMR magnet has been successfully designed and constructed 
using a field modeling technique and a rare earth magnetic alloy. The magnet was 
characterized and tested on latex and carbon/epoxy; the field was of sufficient strength and 
homogeneity to detect spin echoes from both materials and to measure both TI and Tr 
More work is needed to compare the sinle-side magnet data with data obtained from a 
laboratory NMR magnet. 
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INTRODUCTION 
Nondestructive magnetic methods are widely using to inspect the surface defects in 
steel products such as the billets, wire rods and tubes. In the case of thin steel sheet, we can 
classify the defects of steel sheet to the surface defects and the internal defects. On the other 
hand the surface defects can be detected by the optic methods, inspecting the internal 
defects, such as the nonmetallic inclusions that cause cracking of 2-piece steel can during 
the flanging process, is quite difficult. 
To find nonmetallic inclusions in a steel sheet that is moving fast, the magnetic flux 
leakage (MFL) test is a powerful method because of its speed and capability of detection 
and of immediate analysis of defect signals. The detection of defects with high speed by the 
magnetic method means that the conducting material moves within the magnetic field so 
that the induced currents are produced in the conducting material. The induced field is 
generated near the test specimen by the induced currents. In the case of high-speed defect 
detection of products using the MFL method, the magnetic field distribution near the 
magnetizing unit will be changed according to the relative speed of the magnetizer and the 
specimen. The magnetic sensor fixed to the magnetizing unit reads out total magnetic field 
by the superposition ofMFL, stray field and induced magnetic field. Therefore the 
investigation of the changes of magnetic field near the sensor, with the variation of 
inspection parameters, is important in order to operate the magnetic sensors properly and to 
classify the defects. 
Even though some studies [1-4] were carried out to identify the changes ofMFL 
signals according to the relative speed of electromagnet and test specimen, extensive 
experimental results and corresponding theoretical analyses have not been reported until 
now. Previously conducted studies explained the changes ofMFL without much attention to 
the induced field. 
In this paper, we will study the MFL and the induced field from the sheet with 
defects moving at high speed. 
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THEORETICAL BACKGROUND 
When the steel sheet is moving with a velocity (v) relative to the electromagnet, the 
changing flux induces a current within the steel sheet by electromotive force. Considering 
the Galilean invariance, the Faraday's law, and the Coulomb gauge, the Ampere's law for 
the moving coordinate system can be written in the form of 
aA 
'YxH =J, -a-+ovxB. 
at 
If the steel sheet is magnetized by applying a direct current to the coil of 
electromagnet, the second term of the right hand side of (1) will disappear. 
(1) 
When inspecting a defect located in or on the moving steel sheet by MFL method, 
the induced current flow within the sheet near the electromagnet poles as illustrated in Fig. 
1. In this case, magnetic flux lines are formed through the steel sheet parallel to the sheet 
except just near the electromagnet poles. Only the magnetic field perpendicular to the 
moving direction of the sheet generates the induced currents so that current loop pairs (Cl 
and C2, C3 and C4) are induced by approaching and receding of the sheet to each pole (N-
and S- pole). The total sum of induced current loop generates an induced field above the 
moving sheet between the electromagnet poles. 
The perpendicular components of magnetic flux near the defect do not induce a 
magnetic field by which that component is in the moving coordinate system. Thus the total· 
field is a superposition of the stray field from the electromagnet, the induced field from the 
moving sheet, and the leakage field from defects. 
EXPERIMENTS 
To investigate the dependence ofMFL and induced field on the speed of the 
specimen, we constructed an inspection system, which could change the speed of a steel 
sheet up to 18 mls. 
Induced current loops 
Cl C2 C3 C4 
r Electromagnet r Electromagnet 
(N - pole) (S - pole) 
Figure 1. The schematic view of induced current loops in the moving steel sheet 
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System Construction 
The experimental system consisted ofa Hall sensor, an electromagnet (yoke), a speed 
control device, and a data acquisition unit. The pole gap of the electromagnet was 40 mm 
within which the magnetic sensor was located. The roll was placed on the opposite side of 
the electromagnet with respect to the steel sheet. 300 turns of copper coil were wound 
around the electromagnet core that was made of low carbon steel. The magnetic flux 
density at the surface of electromagnet pole was about 2.5 kG with lOA magnetizing 
current. The roll was made of nonmagnetic stainless steel (316L), then a steel sheet was 
tightly wound around the roll. Control of the rotational speed of the roll was done by an AC 
motor with an urethane coupler that reduced the vibration of the roll. The speed of the steel 
sheet could be precisely controlled from 0.5 mls to 18 mis, which was determined by 
reading the pulses from the encoder attached to the shaft of roll. 
The specimen used in this study was a cold-rolled thin steel sheet with a thickness of 
0.28 mm on which an artificial slot-type defect was fabricated by electro-discharge 
machining (EDM) with a size of 0.3 mm width, 0.1 mm depth and 30 mm length. 
Magnetizing direction was perpendicular to the direction of the defect length. 
Measurements of Magnetic Field 
To analyze the induced field generated by a moving steel sheet within a magnetic 
field, the changes ofthe magnetic field according to the speed of steel sheet and to the 
magnetizing current were measured just above the steel sheet using magnetic sensor with a 
finite lift-ofT from the sheet. Since the induced magnetic field is related to the speed of the 
conducting sheet in a given magnetic field perpendicular to the direction of sheet 
movement, the induced magnetic field does not change with a fixed rotational speed of roll. 
This means that the induced field can be obtained by measuring the DC signal of magnetic 
sensor output. On the other hand, the source ofMFL is a localized variation of magnetic 
permeability due to the defect in the specimen. The spatial expansion region ofMFL from a 
slot-type defect of the size described above was a few millimeters with 2 mm lift-ofT. This 
localized MFL was superposed to the induced field in a simple additive manner. 
One of the parameters ofMFL signals characterizing the leakage field normal to the 
sheet is the peak-to-peak value. We investigated the dependence ofMFL on the 
magnetizing current and the sheet speed by measuring the peak-to-peak values of the MFL 
signals. Since the magnetic field strength was varied between the electromagnet poles, the 
MFL for a given defect with same physical properties was also varied according to its 
position. The changes ofMFL according to the sensor position between the electromagnet 
poles were measured by moving the sensor along the direction of electromagnet poles. 
RESULTS AND DISCUSSION 
Induced Field 
Between the poles of electromagnet having a pole gap of 40 mm, we measured the 
magnetic flux densities with fixed parameters: the magnetizing current was 5 A, the lift-ofT 
was 2 mm, and the distance from the sheet to the electromagnet poles was 2 mm. Then we 
measured the magnetic field distribution according to the speed of the steel sheet. The 
magnetic field distribution without defect according to the sheet speed is a superposition of 
stray field and induced field as illustrated in Fig. 2. 
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Figure 2. The magnetic flux density distribution between the poles of electromagnet 
according to the sheet speed. (a) Vertical and transverse component of magnetic flux 
density to the sheet surface, and (b) calculated magnitude magnetic flux density. 
The flux density normal to the sheet (open symbols in Fig. 2. (a)) was decreased 
gradually (not linearly) as the position of the sensor increased, and vice versa. For a finite 
speed of the steel sheet (12.56 mis, square symbols in Fig. 2. (a)), the normal components 
of flux density near the center region of the electromagnet poles were increased. If the 
direction of the sheet movement changed, they were decreased. The induced field generated 
by the induced current loops caused these changes of the flux density. The transverse flux 
density (filled symbols in Fig. 2. (a)) showed a shift to the direction of the sheet movement 
as the speed of the sheet increased. This was caused by the induced currents along the poles 
of the electromagnet that contained induced current loops. The stray field was the field 
when the speed of sheet (v) was zero as in the Fig. 2 with circle symbols. As shown in Fig. 
2. (b), the field distributions between the poles of the electromagnet and just above the 
sheet were distorted to the direction of sheet movement. As a result, the distortions of the 
field distributions between the poles were the effect of superposition of the stray field and 
the induced field. 
The dependence of the vertical component of the induced field on the sheet speed, as 
shown in Fig. 3 (a), was constant in the center region of electromagnet poles. In that region, 
the vertical induced field was linearly increased as the sheet speed was increased. The 
previous numerical prediction [4] illustrated quite different results from our results. The 
wide flat region reveals that the induced field caused by the sum of the induced current 
loops in Fig. 1. The distribution of the horizontal induced fields was also affected by the 
changes of sheet speed especially near the poles. Fig. 3. (b) shows the dependence of the 
horizontal induced field on the sheet speed. The movement of the steel sheet does not 
generate the horizontal component of the induced field at the center between the 
electromagnet poles. This was the result of cancellation of the induced current in the center 
region. As the sensor was approached to the electromagnet poles, the absolute values of the 
horizontal induced field were increased nonlinearly. All of the performance of induced field 
is well coincide with the cause of Lorentz force. 
MFL According to the Sheet Speed: 
The MFL from the slot-type defect was measured by varying the speed of the steel 
sheet from 0.5 mls to 18 mis, as shown in Fig. 4. The magnetic sensor was located at the 
center between the poles of the electromagnet with lift-off of2 mm. Even though the sheet 
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Figure 5. The MFL according to the variation of the sensor position in the direction of 
electromagnet poles 
speed was varied up to 18 mis, the MFL preserved its values with just a small variation. 
The MFL is a physical quantity, which depends on the magnetic property ofthe steel sheet, 
the shape of the defect and the magnetizing force. While the speed of sheet changed, the 
shape of defect and the magnetizing force did not change. The magnetic property of the 
steel sheet also did not change, even though the specimen moved with a finite speed against 
the electromagnet. 
Some studies [3,4] claimed that the magnetic flux lines in the specimen should be 
distorted in the direction of the specimen movement in the case of a thick specimen and a 
constant magnetic permeability. This means that the magnetic field strength should change 
as the specimen moves even though the magnetizing current is fixed. According to their 
results, moving the specimen should change the MFL. This is quite different from our 
results without consideration of the specimen conditions such as the thickness and the 
magnetic permeability. 
The MFL according to the variation of the sensor position in the direction of the 
electromagnet poles was shown in the Fig. 5. Because the sheet is wound around the roll, 
the lift-off also changes according to the sensor position. Thus we compensated that by 
measuring the MFL according to the lift-off. This trend of the result was undefended even 
though the sheet speed was changed. By this, the sensor was posited at the center between 
the electromagnet poles when we inspect the defects using the MFL method. 
CONCLUSIONS 
This study was carried out in order to investigate the effect of the specimen speed on 
the MFL signals and the induced field for developing the automatic inspection system of 
NMI. A slot-type defect with 30 mm length, 0.3 mm width and 0.15 mm depth was 
machined on 0.28 mm thick steel sheet by EDM. 
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The movement of the steel sheet changes the distribution of flux density that was 
distorted to the moving direction of sheet between the poles of an electromagnet by 
superposition of stray field and induced field. Induced magnetic field was proportional to 
the speed of the sheet. A vertical induced field was generated with a uniform value in the 
center region of the yoke by the movement of the sheet and a horizontal induced field was 
increased as the magnetic sensor approached to the poles ofthe yoke. 
MFL was quite similar values, even though the speed of the sheet changed. This 
means that the magnetic properties of the sheet were not affected when the steel sheet was 
moving within the magnetic field. After all the magnetic flux density within the poles of 
electromagnet and above the moving sheet is the value of superposition of induced field 
that depends on the velocity of sheet and MFL that is independent of sheet velocity. The 
MFL values have maximum value at the center between the poles in all speed of the sheet. 
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